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Abstract 
 
This paper investigates the characteristics of the turbulent wake 
structure developing from the trailing edge of an elliptical leading 
edge flat plate using particle image velocimetry. The objective of 
this present research is to measure the velocity fields in the near 
and far wake regions of the flat plate to provide insight into the 
flow mechanisms responsible for the development of the 
coherent structures within the wake due to the characteristics of 
the boundary layer at the trailing edge. The effect of two different 
boundary layers at the trailing edge of the flat plate is 
investigated – one laminar and one turbulent. In the laminar 
boundary layer case, the boundary layer is allowed to develop 
from the elliptic leading edge without disturbance to the trailing 
edge feeding a laminar boundary layer into the wake. In the 
turbulent boundary layer case, exactly the same free-stream 
velocity as the laminar case is used, but the boundary layer is 
tripped at the leading edge such that a turbulent boundary layer at 
the trailing edge feeds into the wake. 
 
All experiments were conducted in a 500 mm recirculating 
horizontal water tunnel at LTRAC at a Reynolds number, based 
on the plate thickness, h, of 2700. The velocity fields in the near 
wake and far wake were measured using multigrid cross-
correlation digital particle image velocimetry (MCCDPIV). Prior 
to the experiments, the tunnel was seeded with 11 µm diameter 
hollow glass spheres. A two cavity pulsed Nd: YAG laser was 
used to illuminate the seed particles in the plane of interest. The 
planar illumination sheet was formed with suitable spherical and 
cylindrical lenses. Single exposed images of 4008 x 2672 pixels 
were recorded during the experiments.  
 
Introduction  
 
Turbulence is a feature of fluid flow that can be observed in our 
everyday lives. For instance, smoke plumes rising from a 
cigarette or water flowing in a river are just two examples of 
turbulent flow. Aircraft passengers can also experience 
turbulence first hand when the aircraft vibrates and shakes 
unpredictably while passing through atmospheric turbulence. 
Although on a very much larger scale than the turbulent flow 
observed in the smoke plumes and river, all three examples seem 
to have the common characteristics of unsteady, irregular and 
seemingly random motions. Turbulent flows, although less easily 
seen, are also prevalent in countless engineering examples. 
Boundary layers growing on aircraft wings are turbulent. Flows 
around cars, ships and aircraft are in turbulent motion. The 
combustion of fuel and air in engines involves turbulence and 
often even depends on it (Tennekes & Lumley [9]). It is easy to 
see that there are many situations where one wishes to predict the 
occurrence of turbulence in order to control or modify its 
behaviour. For example, the wake produced by a ship or a near 
surface submarine can be easily detected from an aircraft or 
satellite. Control or reduction of the visible wake could provide 
stealth when required on a military level, and on a more 
commercial level, would allow closer spacing between ships.  
 
An essential feature of the turbulent free shear flows mentioned 
above is that the velocity fields vary significantly in both position 
and time. This instantaneous characteristic of turbulent flows 
makes it very difficult to analyse. Because of the complexity of 
the fluctuations within the turbulent flows, statistical methods, 
such as Reynolds averaging  (time averaging), where the 
instantaneous velocity is broken down into a mean and 
fluctuating velocity, and a time average determined, have been 
developed to simplify the analysis of turbulent flows (Houghton 
and Carpenter [2]). Another very important characteristic of 
turbulent flows is its diffusivity; which causes rapid mixing and 
increases rates of momentum, heat and mass transfer. By 
understanding the flow mechanisms and structures involved in 
turbulent wake flows, the above-mentioned features of turbulent 
flows can be used as an advantage in controlling and modifying 
wake flow.  
 
Wake flows are flows which are free of confining walls and exist 
in shear motion relative to the surrounding fluid with which they 
mix freely (Tennekes & Lumley [9]). However, although free 
shear flows are remote from boundaries, there might be an 
indirect influence due to a fixed boundary upstream, which may 
create the conditions for the existence of a free shear flow. This 
paper raises this issue. The aim of the present investigation will 
be to determine what affect varying boundary layer 
characteristics at the trailing edge has on the near and far wake 
regions of the flow. Characteristics of the wake, including the 
spread and decay rate, as well as the velocity fields, both mean 
and fluctuating, will be analysed for both the laminar and 
turbulent boundary layer case. 
 
The near wake is a region of the wake flow just behind the 
trailing edge of the body, where the flow is influenced strongly 
by the upstream flow conditions, and also perhaps by the 
characteristics of the body. It is in the near wake that the 
boundary layers formed on the surface of a body merge to 
develop into a different single shear layer. A schematic of the 
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various flow components which characterise the wake of a flat 
plate is provided in Figure 1.  
 
 
Figure 1: Near-wake flow-field schematic [6] 
 
The creation of a stagnation point as well as the recirculation 
region in the near wake (shown in Figure 1) can have a 
significant influence on the configuration of the far wake further 
downstream. Hence, varying the boundary layer thickness at the 
trailing edge should also have an affect on both the near and far 
wake regions. 
 
Another useful feature of wakes, and other turbulent shear flows, 
that is worth mentioning here is that wakes are asymptotically 
self-similar. The time and length scales of the flow may vary 
slowly downstream, but, if the turbulent time scales are small 
enough to permit adjustment to the gradually changing 
environment, it is often possible to assume that the turbulence is 
dynamically similar everywhere if normalised with local length 
and time scales. This means that at some location downstream, 
the velocity profiles, both mean and fluctuating, should collapse 
onto a single curve if the flow is self-similar (Tennekes and 
Lumley [9]). 
 
The study on the complex flow field of turbulent wakes has been 
the subject of numerous research papers in the last few decades, 
and is still a very active area of research today. It is generally 
agreed that coherent structures within turbulent wakes play an 
important role in characterising such flows, and over the years, 
many researchers have investigated properties of large-scale 
coherent structures. Early questions about coherent structures 
centred on the significance of their contribution to the Reynolds 
stresses, their existence at large Reynolds numbers, and their 
significance in the production of energy. Wygnanski et al [11] 
carried out a systematic study on two-dimensional, turbulent, 
small-deficit wakes to determine their structure and the 
universality of their self-preserving states. Various wake 
generators, including circular cylinder and flat plates, were 
studied for a wide range of downstream distances. Their results 
indicate that the normalised characteristic velocity and length 
scales depend on the initial conditions, while the shape of the 
normalised mean velocity profile is independent of these 
conditions, or the nature of the generator. The normalised 
distribution of the turbulent fluctuations, however, was dependant 
on the initial conditions. The results of Wygnanski have also 
been supported by others. It has been well established (Pope [4]; 
Tennekes & Lumley [9]; Townsend [10]) that far wake flows are 
asymptotically self-preserving, and it has been confirmed that the 
mean velocity profiles, when scaled by their individual velocity 
and length scales were self-similar. 
Other researchers who have studied large scale structures in wake 
flows include Mumford [3] and Grant [1]. Mumford performed 
measurements in the fully developed turbulent wake of a circular 
cylinder using arrays of hot-wire anemometers. His results 
indicated that the large scale structures in the turbulent wake 
were predominantly the ‘double-roller’ vortices described by 
Grant [1], who also experimentally investigated the form of large 
scale motions in turbulent flows.  These ‘double roller’ vortices 
are known as the Von Karman Vortex Street.  
 
The near wake, where the flow is strongly influenced by the 
upstream flow conditions, has also attracted a number 
experimental investigators in an attempt to reduce the base drag. 
Porteiro et al [5] and Porteiro et al [6] experimentally investigate 
the influence of boundary layer thickness and near-wake mass 
transfer. Their results indicated that the thickness of the 
approaching boundary layer had a dominant influence on the base 
pressure, which increased with the thickness of the boundary 
layer. Both boundary layer thickness and bass mass transfer had a 
significant influence on the size, pressure and velocity fields of 
the near wake. 
 
Based on this short review of past literature, it is evident that 
boundary layers do have an affect on the near wake region, as 
well as the velocity profiles, both mean and fluctuating. It has 
also been established that the large scale motions, which control 
the overall dynamics of the turbulent flow, are the famous von 
Karman Vortex Street. 
 
Equations of motion 
 
In the contents of turbulent wake flows, the governing equations 
of motion, also known as the Navier Stokes equations, still apply. 
However, due to the randomness and unsteadiness of the 
fluctuations within turbulent flows, no direct analytical approach 
to the solutions of turbulence problems exist. 
To overcome this, Reynolds developed a statistical approach to 
turbulent flow analysis, which involves describing the flow not in 
terms of its instantaneous velocity ( )txu , , but in terms of the 
mean velocity field ( )xu and the fluctuating velocity 
field ( )txu ,′ . He was the first to describe turbulent flow using a 
statistical approach by taking the time average of the mean and 
fluctuating velocity fields (Tennekes and Lumley [9]). This basic 
approach is called Reynolds Averaging. 
 
By writing the instantaneous velocity in terms of the average and 
fluctuating velocities, and using the same approach for pressure, 
the Navier Stokes equations can be modified for turbulent flows. 
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The left hand side of equations 1 and 2 are the same as the steady 
Navier Stokes equations. The same is true for the pressure and 
friction terms on the right hand side. However, the additional 
terms on the right hand side are due to the turbulent fluctuating 
motion. It has been shown that momentum transfer is a key 
feature of turbulent motion (Pope [4]), hence these turbulent 
fluctuating motions exchange momentum between the turbulence 
713
and the mean flow, and since momentum flux is related to a force 
by Newtons second law, the turbulent fluctuating terms are 
perceived as producing stresses in the mean flow. These are 
known as Reynolds stresses and give rise to the two-dimensional 
stress tensor (Schlichting & Garsten [7]). 
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The diagonal components in the stress tensor (3) are the normal 
stresses. In many turbulent flows, these normal stresses 
contribute little to the transport of mean momentum. The off-
diagonal components are the shear stresses, and they play a 
dominant role in the theory of mean momentum transfer by 
turbulent motion (Tennekes and Lumley [9]). This experimental 
investigation will look at both the diagonal and off-diagonal 
components of the Reynolds stress tensor in an attempt to control 
the mean momentum transfer within the wake flow by varying 
upstream boundary layer conditions. 
 
 
Particle Image Velocimetry 
 
Particle Image Velocimetry is a non-intrusive measurement 
technique for computing velocity fields. Refractory tracer 
particles with similar density as the fluid are added to the flow to 
ensure they follow the flow as accurately as possible. The 
particles were illuminated by a laser sheet and images of the 
particle are captured in very quick succession by photographic 
equipment. PIV is a statistical method. It uses statistical 
correlation between captured images to resolve the estimated 
local fluid velocity in a small area of the images. Figure 2 is an 
example image of the particles at the trailing edge captured by 
the PCO 4000 camera. 
 
 
Figure 2: Image of particles at trailing edge 
 
Water tunnel facility 
 
All experiments were carried out in the closed circuit horizontal 
water tunnel at LTRAC (Figure 3). The water tunnel has a 5 
meter long working section with a 0.5x0.5 meter cross-section. 
The working section is divided into 5 equal 1 meter long sections 
along the length of the tunnel, and is driven by a 53 kW A.C. 
electric motor coupled with a centrifugal pump. The free-stream 
velocity of the tunnel was controlled by altering the motor 
frequency, and was set to approximately 150 mm/sec throughout 
this investigation. In order to keep the turbulence intensity within 
the water tunnel to a minimum, four stainless steel grids of 
reducing mesh size and a honeycomb screen are placed in the 
settling chamber. A 10:1 contraction is also located upstream of 
the first working section to accelerate the flow and further reduce 
its turbulence intensity. 
 
 
 
 
Figure 3: Closed circuit horizontal water tunnel From Kostas et al [2002]. (1) 
Settling chamber, (2) 10:1 contraction, (3) Test sections, (4) Plenum chamber, (5) 
Rear observation window, (6) Return pipe-work, (7) Filtration isolation valve, (8) 
AC motor and centrifugal pump, (10) Return pipe-work (pressure side), (11) 
Filtration circuit 
 
The return circuit starts off with a plenum chamber, which 
diffuses the flow prior to the filtration cycle. A pool filtration 
system runs parallel to the main return circuit, and was used 
throughout the investigation to remove the hollow glass particles 
used for PIV data acquisition. The water tunnel facility is located 
in an air-conditioned environment, and the water temperature 
throughout the experiments remained constant at approximately 
24 degrees Celsius. 
 
 
Flat plate geometry and mounting 
 
A Perspex elliptical leading edge flap plate with a chord length of 
592 mm and a height of 470 mm was manufactured and used 
throughout this experimental investigation. The thickness of the 
flat plate was 18 mm. These specific dimensions were chosen 
based on a combination of available space in the test section, as 
well as the optimum chord length required to produce a thick 
enough boundary layer at the trailing edge. 
 
The flat plate was mounted vertically in the water tunnel, parallel 
to the fluid flow, using two stings. It was positioned in the middle 
of the test section to ensure that the boundary layers growing on 
the side walls of the water tunnel had minimal effect on the flow 
around the flat plate. The stings were attached to a sliding 
platform attached to two parallel rails above the water tunnel. 
This set-up was a huge advantage in the experimental 
investigation as it ensured that the plate itself, as well as the 
cameras, lasers and optics, did not have to be unmounted and 
moved when capturing the far wake region. The whole platform 
was able to slide up and down the entire working section. Figure 
5 is a photograph of the flat plate mounted in the water tunnel 
facility. 
 
 
Experimental set-up 
 
A general schematic of the experimental setup for Particle Image 
velocimetry is shown in Figure 4. 
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Figure 4: Schematic of experimental apparatus, test section 3c 
 
Prior to data acquisition, the water tunnel was seeded with 11µm 
diameter Potter’s hollow glass spheres, with a particle density of 
 = 1100 kg/m3. The density is almost the same as the density of 
the working fluid, in this case water, which should provide 
almost neutral buoyancy. The PIV images were taken with a PCO 
4000 CCD digital camera with a resolution of 4008 x 2674 
pixels. A 105-mm Micro Nikkor lens was used to provide the 
required magnification and focal length for visualization in the 
near wake. A 55-mm Micro Nikkor lens was used to provide the 
required magnification and focal length for visualization in the 
far wake region. The F-stop was set to 2.8 for both lenses.  
 
In order to acquire images of the tracer particles in the water, a 
laser sheet was required. This was generated by a dual-cavity Nd: 
YAG laser with a 532nm pulse. Three collimating lenses were 
attached to the end of the laser which focussed the laser pulses 
into a laser sheet of approximately 1mm thickness. The laser 
sheet was positioned at the trailing edge of the flat plate and 
located approximately half way between the top and bottom of 
the test section to avoid interference with the surface at the top, 
and the boundary layer at the lower wall.  
 
 
 
Figure 5: Flat plate mounting configuration 
 
 
Experimental Methodology & Wake Parameterisation 
 
The specific dimensions of the flap plate were chosen based on a 
combination of available space in the test section, as well as the 
optimum chord length required to produce a thick boundary layer 
at the trailing edge. Two cases were investigated; one in which a 
laminar boundary layer separated at the trailing edge to form the 
wake, and the other, a turbulent boundary layer. For the turbulent 
boundary layer case, a 3 mm tripping wire was placed close to 
the leading edge to promote transition from laminar to turbulent 
flow. In order to achieve a laminar boundary layer for one of the 
cases, and a turbulent for the other, the Reynolds number used for 
this investigation needed to be close to the critical Reynolds 
number, 5105Re xcrit = , so that when a tripping wire was 
placed at the leading edge, it would promote transition from a 
laminar boundary layer to a turbulent one. The Reynolds number 
used was  
 
4109Re xLU == ∞
∞ ν
        2700Re == ∞
ν
hU
h          (4) 
 
The free stream velocity based on the above Reynolds number is 
approximately 150mm/sec. The velocity deficit UD and the wake 
half width are the characteristic velocity and length scales used 
for wake flows. Figure 6 is an example of a planar wake 
indicating the velocity deficit. 
 
 
Figure 6: Planar wake 
 
 
The characteristic velocity deficit is given as the difference 
between the free stream velocity ∞U and the centre-line 
velocity CU (indicated in Figure 6), and is given by 
 
( ) CD UUxU −≡ ∞       (5) 
 
The wake half-width is defined as  
 
( ) ( )xUUyxU D2
1
, 2/1 −=± ∞       (6) 
 
 
PIV Parameters 
 
An in-house multi-grid cross-correlation algorithm (MCCDPIV), 
described in detail in Soria [8] was used to analyse the data for 
each image pair. Two lenses were used for this investigation to 
provide the required magnification and focal length when 
acquiring the PIV images. A 105-mm Micro Nikkor lens and a 
55-mm Micro Nikkor lens. The 105-mm lens was required for 
acquiring images in the near wake region of the flow, as a high 
spatial resolution was required to capture the complex multi-scale 
turbulent motions. The 55-mm Micro-Nikkor lens was used to 
capture images in the far-wake region of the flow. Although it 
would have been optimum to use the 105-mm lens throughout the 
entire wake region, the fact that the wake spreads as you moved 
further downstream resulted in the wake boundaries not fitting 
into the images when acquiring with the 105-mm lens. The F-
stop was set to 2.8 for both lenses. Table 1 outlines the PIV 
UD 
U 
U 
U 
UC(x, 0) 
MOVING 
PLATFORM 
STINGS 
FLAT PLATE FLOW 
LASER 
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parameters used for each of the lenses. 560 image pairs were 
acquired for each case. 
 
Table 1: PIV parameters for both the 105-mm and 55-mm Micro Nikkor lens 
 
 105 mm 55 mm 
Field of View (mm) 97.86 x 65.24  207.16 x 138.11 
Magnification factor 24.42 µm/px 51.69 µm/px 
Interrogation window 64 x 64 64 x 64 
Distance b/w vectors 0.78 mm 1.65 mm 
Max. Velocity ratio 0.25 0.25 
 
 
Experimental Results & Discussion 
 
The mean flow field and the Reynolds stresses were measured for 
two different cases. The first case involved laminar boundary 
layers coalescing at the trailing edge to produce the wake. The 
second case involved turbulent boundary layers. Data was 
obtained at distances ranging from one plate thickness (1h) to 30 
plate thicknesses (30h) downstream of the flat plate, which 
covered both the near- and far-wake regions of the flow. 
 
Figure 7 is a plot of the centreline velocity deficit for both the un-
tripped and tripped boundary layer case. 
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Figure 7: Centreline mean velocity deficit for both cases 
 
 
It is evident that both cases have very similar centreline velocity 
deficits. The small region where the velocity ratio is above 1 
signifies the reverse flow region. Again, the reverse flow region 
is nearly identical for both cases. As you move further 
downstream, there is a slight difference between the two cases, 
with the un-tripped case reaching 0→
∞
U
U D
 sooner than the 
tripped case.  
 
It is surprising, to some extent, that both cases had similar 
velocity deficits. This suggests that varying the boundary layer 
thickness at the trailing edge had a minimal affect on the mean 
velocities within the flow. This could be due to the fact that the 
Reynolds number for the laminar boundary layer case was close 
to the critical Reynolds number ( )4109x . The flow might have 
already transitioned, or was close to transitioning to turbulent 
flow. It is also important to remember that since the flow was so 
close to the critical Reynolds number, small fluctuation due to 
surface roughness or turbulence intensities in the water tunnel 
might have triggered the flow into turbulence without the tripping 
wire. 
 
Figures 8 and 9 are the mean velocity profiles for the near and far 
wake regions respectively. The velocity profiles have been scaled 
with the characteristic velocity scale (centre-line deficit) and the 
characteristic length scale (half-width). 
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Figure 8: Near wake mean velocity profiles for both cases.  
[A] un-tripped [B] tripped 
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Tripped Normalised mean 
velocity profiles (far wake)
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Figure 9: Far wake mean velocity profiles for both cases 
[A] un-tripped [B] tripped 
 
 
As shown in both figures, the normalised mean velocity profiles 
for both near and far wake regions have collapsed nicely onto a 
single curve. This implies that similarity of the mean flow was 
indeed attained. Based on past literature ([4];[9];[10]), it has been 
established that shear flows usually become self-similar at a 
certain distance downstream (far wake region). However, this is 
not the case here, since the mean velocity fields have become 
self-similar very early, even in the near-wake region. This 
suggest to the author that first order statistics, such as mean 
velocity fields, are relatively insensitive to fluctuations within the 
flow, thus allowing all the curves to collapse onto a single one. 
 
 
The remainder of the figures show the Reynolds stress profiles 
for u′ , v′  and ( )′vu. , which are also scaled with the 
characteristic velocity and length scales. 
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Figure 10: Near wake mean URMS  profiles for both cases 
[A] un-tripped [B] tripped 
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Tripped Normalised Urms 
velocity profiles (far wake)
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Figure 11: Far wake mean URMS  profiles for both cases 
[A] un-tripped [B] tripped 
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[B] 
717
Figures 10 and 11 indicate that the turbulent intensities in the 
longitudinal direction were higher for the laminar boundary layer 
case than the turbulent case. It is also evident that the turbulent 
intensity profiles have greater ‘fluctuations’ for the un-tripped 
case, and that the tripped case, exhibits, asymptotically at least, 
some form of self-similarity, especially in the far wake region, 
where all the curves have nearly collapsed (Figure 11 [B]) 
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Figure 12: Near wake mean VRMS  profiles for both cases 
[A] un-tripped [B] tripped 
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Figure 13: Far wake mean VRMS  profiles for both cases 
[A] un-tripped [B] tripped 
 
 
Figures 12 and 13 are the transverse turbulence intensity profiles. 
It is again evident that the turbulence intensities in the un-tripped 
case are higher than in the tripped case, especially in the near-
wake region. It is interesting to note, that once again, it is the 
tripped case that exhibits self-similarity trends, and that the un-
tripped case is much more disorderly. The same is true with the 
shear stress profiles, provided in Figure 14 and 15. In the far 
wake region, the shear stress profiles for the tripped case begin to 
collapse, whereas, they vary randomly for the un-tripped case. 
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Figure 14: Near wake mean (U.V)RMS  profiles for both cases 
[A] un-tripped [B] tripped 
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Figure 15: Far wake mean (U.V)RMS  profiles for both cases 
[A] un-tripped [B] tripped 
 
 
Concluding Remarks 
 
The mean and fluctuating velocity fields in the wake of an 
elliptical leading edge flat plate were analysed for two cases. The 
first being laminar boundary layers combining to form the wake, 
and the second being turbulent. 
 
The results indicated that the mean velocity deficit at the 
centreline of the wakes for the two cases was very similar, which 
suggests that boundary layer thickness has little effect on the 
mean statics. This was supported with the self-similarity trend 
observed with the mean velocity field not only in the far wake 
region, but also in the near wake region, as close as 2h. 
 
The turbulence intensities and the shear stress profiles showed 
otherwise. These results indicated that the fluctuations and shear 
stresses were higher for the laminar boundary layer case 
compared to the turbulent. However, the turbulent boundary layer 
case showed that the profiles do become asymptotically self-
similar far downstream. This was not evident with the laminar 
boundary layer case. 
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